Endogenous reproductive hormones and oxidative stress have been independently linked to risk of chronic disease but mostly in postmenopausal women. The interplay between endogenous reproductive hormones and oxidative stress among premenopausal women, however, has yet to be clearly elucidated. The objective of this study was to investigate the association between endogenous reproductive hormones and F 2 -isoprostanes in the BioCycle Study. Women aged 18-44 years from western New York State were followed prospectively for up to 2 menstrual cycles (n ¼ 259) during [2005][2006][2007]. Estradiol, progesterone, luteinizing hormone, follicle-stimulating hormone, sex hormone-binding globulin, F 2 -isoprostanes, and thiobarbituric acid-reactive substances were measured up to 8 times per cycle at clinic visits timed by using fertility monitors. F 2 -Isoprostane levels had an independent positive association with estradiol (b ¼ 0.02, 95% confidence interval: 0.01, 0.03) and inverse associations with sex hormone-binding globulin and follicle-stimulating hormone (b ¼ À0.04, 95% confidence interval: À0.07, À0.003; b ¼ À0.02, 95% confidence interval: À0.03, À0.002, respectively) after adjustment for age, race, age at menarche, c-tocopherol, beta-carotene, total cholesterol, and homocysteine by inverse probability weighting. Thiobarbituric acid-reactive substances, a less specific marker of oxidative stress, had similar associations. If F 2 -isoprostanes are specific markers of oxidative stress, these results call into question the commonly held hypothesis that endogenous estradiol reduces oxidative stress.
, while in vivo studies have demonstrated that exogenous estrogens decrease lipid peroxidation (12) (13) (14) . It was therefore hypothesized that circulating estrogen and perhaps other hormones could explain the differential rates or timing of cardiovascular disease between men and women. Conversely, evidence has surfaced suggesting that estrogens may have pro-oxidant activities. Oxidative stress levels increased in a time-dependent manner following estrogen exposure in rats (15) and, in a cohort of older premenopausal women, higher estrone metabolite levels were correlated with higher oxidative stress levels (16) .
The discrepancy of these findings demonstrates that the association between measures of oxidative stress and estrogen has yet to be fully understood. To date, there has been little research on the interplay between oxidative stress and endogenous reproductive hormones in women of reproductive age despite both being prominent biomarkers of disease in postmenopausal women. Currently, F 2 -isoprostanes, free radical-mediated oxidation products from arachidonic acid and higher polyunsaturated fatty acids, are considered the prevailing ''gold standard'' biologic markers of lipid peroxidation and oxidative stress because of their excellent stability in their biologic surroundings and their lack of generation by enzymatic processes (17, 18) . Given that most previous research has proposed estrogen as an antioxidant, we hypothesized that we would observe an association between estrogen and oxidative stress. The purpose of our research was to investigate the influence of endogenous reproductive hormone levels and related factors on plasma free F 2 -isoprostane concentrations during 2 menstrual cycles among healthy premenopausal women.
MATERIALS AND METHODS
The BioCycle Study was a prospective cohort study of menstrual cycle function among 259 regularly menstruating, healthy, premenopausal volunteers aged 18-44 years from western New York State. Women were followed for up to 2 menstrual cycles. Details of the study are described elsewhere (19) . Exclusion criteria included current use of oral contraceptives, vitamin and mineral supplements, or prescription medications; pregnancy or breastfeeding in the past 6 months; and recent history of infections or diagnosis of chronic conditions, including menstrual or ovulatory disorders. In addition, women with a self-reported body mass index of less than 18 or greater than 35 kg/m 2 were excluded. The University at Buffalo Health Sciences Institutional Review Board approved the study, and all participants provided written informed consent.
Participants were followed for 1 (n ¼ 9) or 2 (n ¼ 250) menstrual cycles with blood samples collected in each cycle during early menstruation, mid-and late-follicular phase, 2 days around expected ovulation, and early, mid-, and lateluteal phase. Collection dates were adjusted for cycle length by utilizing fertility monitors (Clearblue Easy Fertility Monitor; Inverness Medical, Waltham, Massachusetts) to assist in the timing of specimen collection. Monitor indications of low, high, and peak fertility were used to time midcycle visits, with peak day and the following 2 days being those that would approximate late-follicular, luteinizing hormone (LH) surge, and ovulation dates. The utility of the fertility monitor for scheduling cycle visits has been demonstrated (20) . Women were highly adherent to the study protocol, with 94% completing at least 7 clinic visits per cycle and 100% completing at least 5 visits.
Biologic specimens
Fasting blood and urine specimens were collected between 7:00 and 8:30 AM on appointed days (8 visits per cycle for 2 cycles). Collection and handling protocols were designed to minimize variability in preanalytical factors and have been previously described (21) . All samples were frozen at À80°C within 90 minutes of phlebotomy and shipped on dry ice to analytical laboratories as a complete cycle (8 samples) from each participant. Samples were measured consecutively, within a single run, to limit analytical variability.
Oxidative stress. Plasma free F 2 -isoprostanes were measured with a gas chromatography-mass spectrometry-based method by the Molecular Epidemiology and Biomarker Research Laboratory (University of Minnesota, Minneapolis, Minnesota) (9.4% coefficient of variation (CV)). The method used an internal standard, 2 H 4 -labeled 8-isoprostaglandin F 2a (>98% pure; Caymen Chemical Company, Ann Arbor, Michigan), wherein the deuterium atoms were located at the nonexchangeable positions 3 and 4 of the molecule. Plasma thiobarbituric acid-reactive substances (TBARS) were measured at the University at Buffalo by using OxiTech reagent kits (ZeptoMetrix Corporation, Buffalo, New York) and expressed in nmol/mL of malondialdehyde equivalents (22) . TBARS pigment was measured at excitation of 535 nm and emission of 552 nm on a RF-5000U spectrofluorometer (Shimadzu Scientific Instruments, Inc., Columbia, Maryland). Its interassay CV was 8.3%.
Antioxidants. Vitamin A (retinol; 6.1% CV), vitamin E (a-, d-, and c-tocopherols; 2.3%, 2.2%, and 21.2% CV, respectively), and beta-carotene (7.5% CV) were measured simultaneously in serum by using high-performance liquid chromatography (23) . Total ascorbic acid (vitamin C) was determined by the dinitrophenylhydrazine method (24) in heparin plasma stabilized in 6% metaphosphoric acid. The absorbance of each dinitrophenylhydrazine-derivatized sample was determined at 520 nm on a Shimadzu model 160U spectrophotometer (Shimadzu Scientific Instruments, Inc.) (9.6% CV).
Cholesterol. A complete lipid profile (total cholesterol, high-density lipoprotein cholesterol, and triglycerides) was performed for each visit by an autochemistry analyzer at the Kaleida Center for Laboratory Medicine (Buffalo, New York). Low-density lipoprotein cholesterol was determined by using the Friedewald formula (25) . The analytical imprecision across the study period was less than 5% CV for all lipid and lipoprotein assays.
Homocysteine. Serum homocysteine was measured at 3 cycle visits (midfollicular, ovulation, and midluteal). Samples were analyzed at the Kaleida Laboratory by using an Immulite 2000 homocysteine competitive immunoassay (CV < 10.4% at all levels). Reproductive hormones. Reproductive hormone levels were measured in serum collected at each visit and included estradiol, progesterone, LH, follicle-stimulating hormone (FSH), and sex hormone-binding globulin (SHBG). Estradiol was measured by radioimmunoassay. FSH, LH, progesterone, and SHBG were measured by Specialty Laboratories, Inc. (Valencia, California) by using solidphase competitive chemiluminescent enzymatic immunoassays on the DPC Immulite 2000 analyzer (Siemens Medical Solutions Diagnostics, Deerfield, Illinois). The CV was less than 5% for LH and FSH, less than 10% for estradiol and SHBG, and less than 14% for progesterone.
Covariate assessment
At baseline, participants were asked to complete questionnaires regarding lifestyle, physical activity (International Physical Activity Questionnaire, long form 2002), and reproductive health history (26) . High, moderate, and low physical activity categories were formed on the basis of the standard International Physical Activity Questionnaire cutpoints. Additionally, height and weight were measured by standardized protocol and used to calculate body mass index. Cycle length was defined as the number of days between the first day of menstrual bleeding and the last day before the next onset of at least 2 consecutive days of bleeding. All covariates had less than 5% total missing data.
Statistical analysis
The median and 25th and 75th percentile (quartiles 1 and 3) levels of F 2 -isoprostane, TBARS, and antioxidant vitamins were calculated for each visit. Repeated-measures analysis of variance was used to evaluate the association between cycle visit and oxidative stress and vitamins on the log scale, with Bonferroni-adjusted P values. For descriptive purposes, cycles were placed into quartiles on the basis of the average F 2 -isoprostane concentration across the cycle. Descriptive statistics were calculated for demographic characteristics, hormone levels, and measures of oxidative stress according to these quartiles. Chi-square tests and analysis of variance were used to test for associations between demographic variables and quartiles of F 2 -isoprostane. Because of the difference in F 2 -isoprostane concentrations by cycle, quartiles were assigned using cycle-specific cutpoints.
Linear mixed models on the log scale of the hormones were used to evaluate the unadjusted association between hormone levels and F 2 -isoprostane concentration. Random intercepts were specified to account for the variation in levels of F 2 -isoprostanes between women and the correlation between cycles of the same woman. For estradiol, LH, FSH, and SHBG, models included concentrations measured at all times throughout the cycle as separate observations, including up to 8 measurements per cycle. For progesterone, only concentrations during the luteal phase were included because of minimal biologic variation during the follicular phase.
For the adjusted models, we used marginal structural models to appropriately adjust for time-dependent confounders (27) . Exposure weights were created by inverse Reproductive Hormones and F 2 -Isoprostane Levels 433 probability weighting. In order to estimate the stabilized weights, the conditional density of estradiol levels at each cycle visit while adjusting for other factors was obtained by ordinary least-squares regression and estimated by the normal distribution (27) . The choice of covariates in the weighted models was determined by a review of the prior literature and based on hypothesized relations between the factors included in a directed acyclic graph. The a priori confounders (based on the directed acyclic graph) that we considered were age, body mass index, race, physical activity, smoking status, and several serum antioxidants, in particular vitamin C. However, as including all potential confounders may reduce the precision of our estimates, only those minimal sets of a priori confounders that control for confounding which also changed the exposure coefficient by more than 15% were included in the final adjusted models.
In the fully adjusted models (model 3), the weights were estimated while also adjusting for levels of progesterone, LH, and FSH at each cycle visit. The possibility of collinearity and interaction between variables of interest was evaluated and found not to be a factor (data not shown). Analyses were conducted by using SAS, version 9.1, software (SAS Institute, Inc., Cary, North Carolina).
RESULTS

Demographics
Overall, women were young (mean age, 27.5 years) and of healthy weight (mean body mass index, 24.1), had moderate to high physical activity (90.5%), and were mostly nonsmokers (82%) ( Table 1) . Noticeably, women with the highest average F 2 -isoprostane concentrations over the cycle were more likely to be younger in age, of higher current body mass index, and Caucasian, to have an earlier onset of menarche, and to be nulliparous or nulligravida.
Of the hormone-related factors presented in Table 1 , age at menarche is considered to be a possible confounder because it is hypothesized to be a predictor of F 2 -isoprostane levels and lifetime exposure to estrogen. Age at menarche was observed to have a strong association with F 2 -isoprostane levels, independent of reproductive hormone levels and after adjustment for race and age (b ¼ À0.04; P ¼ 0.01). Current body mass index, a measure of body fat strongly related to estrogen levels, was significantly associated with F 2 -isoprostane levels after adjustment for race and age (b ¼ 0.03; P 0.001). Current body mass index was not included in the model to avoid overadjustment bias (28), as it was hypothesized to be a descendent of a causal intermediate in the pathway between age at menarche and F 2 -isoprostanes.
Oxidative stress variation over the cycle Table 2 displays the median (quartiles 1 and 3) levels of oxidative stress and other markers of antioxidant activity over the menstrual cycle in our cohort of 259 women. Measures of both oxidative stress (F 2 -isoprostane and TBARS) and antioxidant vitamins (a-tocopherol, vitamin A, and vitamin C) significantly varied across the menstrual cycle (P < 0.05). F 2 -isoprostane levels were highest in the days before ovulation and then rose again in the early luteal phase. On average, isoprostane concentrations were the lowest on the day of ovulation. After ovulation, F 2 -isoprostane levels increased 6.1%, on average, by the early luteal phase.
The variability in oxidative stress between women, as represented by daily variances of F 2 -isoprostane concentrations over the menstrual cycle, can be seen in Figure 1 . The variability of F 2 -isoprostanes decreased, on average, 66% from menses to early follicular phase with the lowest levels of variability occurring in early luteal phase. Figure 2 shows the percentage of visits that recorded either the maximum or minimum F 2 -isoprostane concentrations across the cycle. Combined, menses and mid-follicular phase (typically periods of low hormone variation) had 36% of the minimum F 2 -isoprostane concentrations, while the days before ovulation (late-follicular and LH/FSH surge) had 31% of the maximum F 2 -isoprostane concentrations.
Menstrual hormones
After mixed-model analysis weighted for age, race, age at menarche, c-tocopherol, beta-carotene, total cholesterol, and homocysteine, the estradiol concentration was positively associated with F 2 -isoprostane concentrations across the menstrual cycle (b ¼ 0.02; P 0.001) ( Table 3 ). This significant positive association held after additionally adjusting for progesterone, LH, and FSH concentrations throughout the menstrual cycle (b ¼ 0.01; P ¼ 0.03). SHBG concentrations across the menstrual cycle had a significant inverse association with F 2 -isoprostane concentrations (b ¼ À0.04; P ¼ 0.03), which was strengthened after weighting for the reproductive hormones (b ¼ À0.04; P ¼ 0.01). Progesterone in the luteal phase had a significant positive association with F 2 -isoprostane in the unadjusted model (b ¼ 0.01; P 0.001) but became not significant (P < 0.10) after further adjustment for other covariates. FSH showed a highly significant inverse association with F 2 -isoprostane concentration in all models (b ¼ À0.04; P 0.001 in fully adjusted). LH showed no significant trends with F 2 -isoprostane concentrations. TBARS had consistent findings to F 2 -isoprostane regarding the direction of association with estrogen, progesterone, and SHBG, although none of the models yielded significant findings (data not shown).
DISCUSSION
Markers of oxidative stress, particularly F 2 -isoprostane concentrations, vary (showing a significant, positive association with estradiol and inverse associations with SHBG and FSH) throughout the menstrual cycle. These associations persisted after controlling for demographic (i.e., age, race, and age at menarche) and time-dependent confounders (i.e., serum c-tocopherol and beta-carotene levels, total cholesterol, and homocysteine). The direction of the association was also consistent with TBARS, another measure of lipid peroxidation, and several other markers of estrogen exposure such as age at menarche and body mass index. The observed associations between endogenous hormones and F 2 -isoprostane add critical understanding to the interplay of oxidative stress and endogenous hormones in women of reproductive age. Furthermore, if F 2 -isoprostanes are a specific marker of oxidative stress, this calls into question the commonly held hypothesis that endogenous estradiol acts as an antioxidant, protecting premenopausal women from risk of chronic disease.
Studies on the associations between reproductive hormone levels, in particular estrogens, and rigorously validated biomarkers of oxidative stress such as F 2 -isoprostanes, among premenopausal women, are sparse. The observed positive association between F 2 -isoprostane and estradiol is in contradiction to findings from in vitro and animal studies. However, caution should be taken when inferences are made from these previous studies, as they often rely on estrogenic compounds with widely different biologic (and potentially antioxidant) activity and concentrations of hormones that are significantly higher than the physiologic ranges (8) (9) (10) (12) (13) (14) . The findings from observational studies are too sparse to clarify the role of estrogens as pro-or anti-oxidants. Investigations among postmenopausal women cannot be used to infer the relation between physiologic levels of natural hormones and oxidative status. A prior study focusing on older premenopausal women found a positive association between estrone metabolites and F 2 -isoprostanes (16) . Of noticeable difference to our study, the median age of their premenopausal group of women (50 years compared with 27 years in our study) could affect the range of estradiol and estrone concentrations and the collection of data only in the early follicular phase when estrogen levels are low (compared with our 8 measurements across the menstrual cycle). Despite the differences, the conclusions are consistent: Neither study supports the commonly held hypothesis that levels of endogenous estradiol or its estrone metabolites favorably modify oxidative stress by decreasing F 2 -isoprostane levels.
The significant inverse association between SHBG and F 2 -isoprostane levels is biologically plausible given that SHBG binds to both estradiol and testosterone, mediating their effects (29) . The antiandrogenic effects of SHBG have been hypothesized to partially explain previous observations that SHBG is inversely associated with risk of breast cancer (30) and type 2 diabetes (31). Its antiandrogenic effects could also partly explain its inverse association with oxidative stress in the present study. Another potential mediator is through insulin resistance, which has been shown to be negatively associated with SHBG levels and positively associated with oxidative stress levels (32) .
The inverse association between F 2 -isoprostane levels and FSH was not unexpected on the basis of the current knowledge regarding the inhibitory effect of estrogen on gonadotropin-releasing hormone production in the hypothalamus (33) and the inverse relation with body mass index and age. However, the significant association between FSH and F 2 -isoprostanes remained strong, even after adjustment for these factors, which suggests that FSH could act independently on F 2 -isoprostane levels, although more research is needed to identify the exact mechanism.
Our finding that F 2 -isoprostane levels vary during the menstrual cycle in concordance with estradiol concentrations uncovers limitations of previous research on F 2 -isoprostane levels and clinical outcomes in premenopausal women; study designs need to take into account hormone levels or cycle variability and standardize the timing of the specimen collection. This important source of variability, specific to women, could help to explain the inconsistencies of findings between genders in previous studies that have attempted to link markers of oxidation to a number of clinical outcomes.
For example, the Coronary Artery Risk Development in Young Adults (CARDIA) Study evaluated the relation between plasma F 2 -isoprostanes and coronary artery calcification (34) . The mean and standard deviation (SD) of F 2 -isoprostanes was 140.4 (SD, 55.6) pmol/L in men (n ¼ 1,302) and 190 (SD, 108.9) pmol/L in women (n ¼ 1,548). Subsequently, the adjusted odds ratios for any calcification in men versus women were 1.19 (95% confidence interval: 1.01, 1.40) and 1.13 (95% confidence interval: 0.89, 1.44), respectively (34) . Although the point estimates are similar across genders, the variability in women is larger than that in men, which could have reduced the precision and possibly result in the differences and conclusions. As demonstrated in Figure 1 , the variability of F 2 -isoprostanes differs significantly by phase of the menstrual cycle. Thus, a standardized sample collection should take place during the early luteal phase when variability is minimized.
This study had a number of important strengths including the intensive monitoring of a large number of young and ethnically diverse women throughout 2 menstrual cycles. No previous study of premenopausal women had multiple longitudinal measures of F 2 -isoprostane concentrations and reproductive hormone levels throughout the menstrual cycle. Moreover, multiple clinic visits timed with fertility monitors were a significant improvement over previous studies. Advantages of F 2 -isoprostanes include their stability in their biologic surroundings, their lack of generation by enzymatic processes, and their availability in the urine as well as plasma, providing a noninvasive source of specimen for clinical analysis (18) . The prospective design and exclusion criteria of the BioCycle Study strengthen the ability to draw inference, having reduced the potential for bias from known risk factors for menstrual/hormonal disorders. In addition, standardized assessment of a wide variety of participant characteristics increased the ability to adjust for confounding.
Our study did, however, have a few potential limitations. Although our study included the use of fertility monitors to time visits, bias could have been introduced through mistimed sample collection; however, various indicators of successfully timed visits were found to be unrelated to estrogen or F 2 -isoprostane concentrations, and thus any misclassification is likely to be nondifferential. In addition, F 2 -isoprostane samples were not run in duplicate because of cost, and therefore measurement error was not adjusted for in the analysis. Similarly, although F 2 -isoprostanes are currently advocated as sensitive and specific biomarkers of oxidative stress, care should be taken to infer an oxidative stress mechanism based solely on one biomarker. F 2 -isoprostanes are highly specific markers of lipid peroxidation, but their use as a biomarker has some significant drawbacks including their trace levels, complex and expensive sample preparation, and analysis, as well as the fact that they are only minor products generated from arachidonic acid peroxidation, which is, in turn, a relatively minor component of total biologic polyunsaturated fatty acids (17, 35) . Furthermore, F 2 -isoprostanes may not provide sufficient evidence in view of reported intra-and intersubject variability (21, 36) and the fact that F 2 -isoprostanes have biologic activities outside their role as biomarkers of oxidative stress (37) .
It is possible to speculate that, unlike an association with oxidative stress, the association between F 2 -isoprostanes and estradiol may be a reflection of increased eicosanoid and prostanoid metabolism during the menstrual cycle. It has been shown that eicosanoid and prostaglandin precursors derived from arachidonic acid accumulate in the endometrium toward the time of menstruation (38) . Also, phospholipase A 2 activity in the human endometrium is related to the stage of the menstrual cycle and suggests that arachidonic acid release may be influenced by estrogen and progesterone (39) . F 2 -isoprostanes are derived solely from free radical attack on arachidonic acid/eicosanoid intermediates, and upregulation of the eicosanoid pathways during the menstrual cycle could simply provide more eicosanoid substrate for free radical attack leading to increased F 2 -isoprostanes. The fact that TBARS tends to mimic these findings may also be attributable to the fact that TBARS generation is closely correlated with arachidonic levels in experimental lipid peroxidation (40) . Despite the above possibilities, our findings clearly suggest an association between endogenous estrogens and oxidative stress biomarkers.
We observed that levels of endogenous estradiol and factors that are positively related to estrogen exposure in premenopausal women are positively associated with F 2 -isoprostane levels throughout the menstrual cycle. SHBG and FSH were also negatively associated with F 2 -isoprostane levels. Although the effects of reproductive hormones on levels of F 2 -isoprostanes were very small in magnitude and might not have clinical importance, these findings help us to understand the biologic mechanisms that occur in vivo between a marker of oxidative stress and hormones. Of interest to future research, because of the significant cyclic variation in F 2 -isoprostane concentrations that we observed, cycle phase should be carefully accounted for when measuring levels of F 2 -isoprostanes in future studies of premenopausal women. To date, this study provides the most comprehensive assessment of endogenous hormones and oxidative stress interplay in women of reproductive age. If F 2 -isoprostanes are a specific marker of oxidative stress, these findings question the hypothesis that endogenous estrogen serves as a means of cardioprotection by inhibiting oxidative stress formation in premenopausal women. More research is warranted to further clarify the role of endogenous hormones on other biomarkers of oxidative stress, including markers of protein and nucleic acid damage as well as other biomarkers of lipid peroxidation in premenopausal women.
